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Abstract
Electromagnetically propelled helical nanoswimmers offer great potential for nanorobotic applications. Here, the effect of confinement 
on their propulsion is characterized using lattice-Boltzmann simulations. Two principal mechanisms give rise to their forward motion 
under confinement: (i) pure swimming and (ii) the thrust created by the differential pressure due to confinement. Under strong 
confinement, they face greater rotational drag but display a faster propulsion for fixed driving frequency in agreement with 
experimental findings. This is due to the increased differential pressure created by the boundary walls when they are sufficiently 
close to each other and the particle. We have proposed two analytical relations (i) for predicting the swimming speed of an 
unconfined particle as a function of its angular speed and geometrical properties, and (ii) an empirical expression to accurately 
predict the propulsion speed of a confined swimmer as a function of the degree of confinement and its unconfined swimming speed. 
At low driving frequencies and degrees of confinement, the systems retain the expected linear behavior consistent with the 
predictions of the Stokes equation. However, as the driving frequency and/or the degree of confinement increase, their impact on 
propulsion leads to increasing deviations from the Stokesian regime and emergence of nonlinear behavior.
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Significance Statement

Some bacteria achieve forward movement by utilizing a flagellum that exhibits a helical motion. Inspired by this natural phenom
enon, a new category of synthetic microscopic swimmers called nanohelices has emerged. They are engineered to produce propulsion 
when exposed to a magnetic field. They have substantial potential for various uses, particularly in situations where fluidic transport 
occurs within restricted spaces. To effectively harness their capabilities, it is imperative to comprehend how they behave when con
fined. We introduce analytical equations that predict their swimming speeds in both bulk and specific host environments. 
Additionally, we establish both a lower limit, below which the hydrodynamic feedback from the surrounding walls can be disregarded, 
and an upper limit, beyond which their swimming direction is altered.
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Life in the Stokesian regime is largely dominated by viscous forces 
where advective inertial forces play no role, i.e. the present is de
termined entirely by the instantaneous forces and the system pos
sesses no memory of its past (1). Due to the time reversibility of the 
Stokes equations, locomotion in the microscopic scale is subject 
to the scallop theorem: in viscous-dominated Newtonian fluids, 
for a swimming gait to give rise to motion, it must not consist of 
a time-reversible series of body deformations (2, 3). Therefore, 
noninertial swimming microorganisms have evolved alternative 

strategies to propel themselves forward. Among these strategies 
is the exploitation of drag anisotropy, achieved through a series 
of time-irreversible motions (4). One well-known and widely stud
ied example is the flagellar swimming of Escherichia coli, which has 
a single anterior flagellum, a rotary joint, and a motor to rotate the 
flagellum (5, 6). Subsequent and continuous deformation of 
the flagellum is characterized by a generalized helical motion in 
three dimensions (3D) that lacks viscous drag symmetry (7) enab
ling the bacterium to propel itself forward.
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Understanding the hydrodynamics of biomimetic micro- and 
nanoswimmers in constrained spaces is critical to address various 
environmental and medical challenges. For instance, bacteria 
play a crucial role in purifying aquifers, particularly when there 
is adequate groundwater flow that prevents motile bacteria 
from adhering to soil particles (8). As another example, the motil
ity of spirochetes enables them to penetrate tissues more effect
ively compared to their nonmotile counterparts (9). Ongoing 
clinical and theoretical research is leveraging such insights to ex
plore the potential of these small-scale robots to transport drugs 
to specific areas within the body (10–12). As a result, the interest 
in creating biomimetic swimmers at the nano- and micro-scales, 
such as asymmetric colloidal particles that are gravitactic, similar 
to paramecium, or rheotactic, akin to sperm and bacteria, has 
grown steadily over the past decade (13–17). Their applications 
include tasks such as carrying cargo in microfluidic chips (18), 
transporting drugs and genetic material into cells and tissues 
(11, 19–21), fluid mixing to speed up chemical reactions (22), 
motorizing sperm cells (23), and performing remotely controlled 
microrobotic embolization (24). In many cases, accurate and rapid 
directed mobility of the swimmer under strong confinement is a 
key requirement.

Using a combination of experimental and computational 
methods, Jung et al. (25) towed superimposed copper helices (i.e. 
of opposite chirality as inspired by the geometry of spirochetes) 
in a Stokes fluid and reported that the effect of the confinement 
was negligible on their propulsion purportedly due to the small ra
tio of the body size to the container width. Spagnolie and Lauga, by 
means of simulations and far-field approximations, concluded 
that the boundary interactions become significant when the dis
tance from the swimmer to the wall is comparable to the 
swimmer’s length (26). Using the boundary element method 
(BEM), Liu et al. investigated the microscale propulsion of a helical 
flagellum rotating in a circular tube. They demonstrated that at 
fixed angular speed propulsion grows monotonically as the confine
ment becomes tighter (27). Vizsnyiczai et al. (28) performed experi
ments and reported that, in contrast with theoretical predictions, 
the average speed of E. coli increased when moving through a se
quence of rectangular microtunnels with decreasing widths until 
it reached a maximum value. They also showed that strong con
finement results in a transition to one-dimensional swimming 
where bacteria only explore the neighborhood of the capillary 
axis and move with a speed that is higher than in lesser degree of 
confinement. However, so far there has been no systematic effort 
to understand and explain the underlying causes of these, often 
contrasting (21, 29), experimental and computational results.

The commonly employed analytical and computational meth
ods for modeling the swimming of rigid helices and flagellar pro
pulsion are the resistive force theory (RFT) (30), slender-body 
theory (SBT) (31, 32), boundary integral formulation (BIF) (33) 
and its expansions, e.g. BEM (34–36). The RFT assumes that the 
segments of the helical body do not create fluid disturbances or in
fluence the motions of the other segments. Hydrodynamic forces 
on an infinitesimal segment are determined by the force (or drag) 
coefficient proportional to the local velocity, and propulsive vel
ocity calculations involving the summation of the drag and thrust 
contributions of the rotating helical particles (30, 37). This as
sumption is, however, inconsistent with the true hydrodynamic 
situation in which viscous effects dominate and produce long- 
range hydrodynamic interactions (38). There have been reports 
on qualitative and quantitative differences between the predic
tions of RFT and experimental results (39) particularly for the 
cases where the helical loops are more closely packed at higher 

pitch angles (40). In contrast, the SBT incorporates these interac
tions by considering fluid response resulting from the moving seg
ments of the helical body (38). This is achieved by assuming a local 
point force represented by Stokeslets, uniformly distributed along 
the centerline of the helical body (31, 32). The regularized SBT ex
tends this concept by using a shape function that distributes the 
force in a small blob around a point, rather than assuming a 
Dirac delta function (41). Findings from both the SBT and regular
ized SBT exhibit resemblances in relation to flagellar propulsion of 
microorganisms (39). However, all these studies either use the lin
earized Stokes approximation for modeling the fluid-swimmer 
interaction dynamics or crucially rely on it for the interpretation 
and analysis of their experimental observations. Our results 
here show that the linear Stokes approximation is not always ap
plicable or valid at propulsion frequencies typically used for driv
ing and steering magnetic helical nanoswimmers under 
nanoscale confinement.

One characteristic feature of systems involving microswimmers 
is that phenomena of interest typically occur over a broad range of 
length-scales (ranging from nano- to micrometers), and at energy 
scales comparable to the thermal energy kBT. These systems are 
challenging for conventional simulation techniques due to the pres
ence of disparate time, length, and energy scales. Additionally, they 
are often far from equilibrium and driven by strong spatially and 
temporally varying forces (42). Modeling these systems often re
quires the use of coarse-grained or multiscale approaches that 
mimic the behavior of atomistic systems on the length scales(s) of 
interest. Examples of such methods are Dissipative Particle 
Dynamics (DPD) (43), Multi-Particle Collision Dynamics (MPC) (44), 
and the Lattice-Boltzmann Method (LBM) (45).

Recently, LBM combined with explicit particle-level molecular 
dynamics simulations has been employed to model helical and 
flagellar swimming (46–50). For a review of LBM, see, e.g. 
Ref. (45). LBM is a computationally efficient mesoscale simulation 
technique based on the Boltzmann transport equation that is val
id at relatively large Knudsen numbers (51, 52). LBM takes full- 
scale nonlinear hydrodynamics including inertial and viscous 
forces into account and is well suited for the task (52). This work 
quantifies and formulates the nonlinear hydrodynamic effects 
of confinement on the propulsion characteristics of magnetically 
driven helical filaments with computer simulations using LBM to 
systematically understand and explain the underlying physics of 
the aforementioned experimental and computational observa
tions (21, 25–29).

In this work, the swimmers are subjected to different degrees of 
confinement between two infinite parallel plates and driven using 
a rotating magnetic field. The degree of confinement is defined as 
Γ = Do/Lz, where Do and Lz are the helix’s outer diameter and the 
distance between the upper and lower boundary walls (i.e. 
z-walls), respectively. Unexpectedly, local nonlinear dynamics 
are observed even for driving frequencies (f) well below the step- 
out frequencies (fso) of the systems (i.e. the maximum frequency 
below which the entire magnetic torque works to maintain syn
chronous rotation of the helix with the applied field); steady and 
linear dynamics is recovered over longer time scales for f < fso, 
consistent with the Stokes equations. However, for frequencies 
close to and above the step-out frequency, nonlinearities start to 
dominate, and the propulsion speed can no longer be described 
as a linear function of the angular speed. Under higher degrees 
of confinement, nonlinearities are present independent of f, and 
a transition to one-dimensional-like swimming emerges for a crit
ical degree of confinement (Γ = 0.33). Furthermore, a temporal 
analysis of the swimming dynamics and trajectories analyzed as 
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a function of the degree of confinement showed that as the fluidic 
channel narrows, the swimmers encounter greater rotational 
drag, but paradoxically, achieve a faster propulsion. A decompos
ition of the total propulsion into pure swimming and thrust from 
the confined fluid shows that the extra propulsion results from the 
differential pressure created by the side walls and overcomes the 
increased rotational drag. The effect of confinement is observed to 
diminish with increasing channel width and nearly vanishes 
when the width exceeds four times the hydrodynamic diameter 
of the swimmer.

In the next section, we first explain the step-out regime and 
examine the impact of the step-out frequency on the angular 
speed of an individual nanoswimmer. A comparison of the veloci
ties in the frequency domain is then presented to understand the 
complex relationships between the degree of confinement, vis
cous drag, and differential pressure (fore and aft) on the dynamics 
of a helical nanoparticle. This is followed by the introduction of a 
new closed-form equation to establish a direct linear relationship 
between the translational and angular velocities of the helical fila
ment. After that, we propose an empirical equation to accurately 
predict the propulsion speed of a confined swimmer as a function 
of an unbounded particle’s propulsion speed and the ratio be
tween the hydrodynamic characteristic length scale linked to 
the confined flow and that of the swimmer. The proposed equa
tion is expected to serve as an important heuristic tool in the de
sign of systems utilizing these swimmers in applications 
involving transport in constricted fluidic environments such as 
tissues, veins, and lab-on-a-chip micro/nanofluidic devices. The 
key findings are summarized in Discussion followed by the 
Methods section, which outlines the computational model em
ployed in this study. It describes the essential model parameters 
and geometric properties of the particles considered in the simu
lations using LBM. Incorporation of magnetic interactions within 
the system using the resistance matrix formulation is also de
scribed to explain the basic analytical framework for swimming 
solely based on viscous drag asymmetry.

Results
Understanding the step-out regime
Due to the magnetic interaction, the angular speed (Ω) of a mag
netic helical particle increases linearly with the field frequency 
and so does its translational speed (U). This linearly increasing re
lation holds valid up to field frequencies close to the step-out fre
quency (48, 53–55) given by fso = MB/K‖, where K‖ is the rotational 
drag coefficient. Upon approaching fso, irregular episodes of phase 
slip between the rotations of the field and the swimmer emerge, 
i.e. the blue stripes in Fig. 1.  This occurs because the applied mag
netic torque is no longer sufficient to effectively overcome the in
creased viscous drag torque; thus, some of the rotational cycles of 
the swimmer are damped prematurely. Therefore, the magnetic 
field fails to keep the rotation of the swimmer steady, and the par
ticle starts to lag the magnetic field intermittently. This leads to a 
stark decline in the average angular speed, and therefore, the 
average propulsion speed of the helix. A further increase in the 
field frequency causes the phase slips to become more frequent 
and irregular as more rotation cycles are damped out thereby 
leading to a further reduction in the average propulsion speed of 
the swimmer. The same observation has been reported numeric
ally and experimentally, for example, in Refs. (47, 54, 56, 57).

It is important to note that while the phase flips observed here 
(i.e. the moments when the direction of rotation of the helix is 

reversed momentarily) are reminiscent of the characteristics of 
a system running at (damped) natural frequency, by writing the 
equation of motion using D’Alembert’s principle (assuming infin
ite stiffness for the submerged helix), it can be shown that these 
systems are indeed overdamped and their step-out frequencies 
are significantly lower than their natural frequencies. The phase 
flips occur due to the changes in frequency resulting from the 
competition among the two opposing torque vectors in the step- 
out regime.

The results on the average angular speeds of the helix for field 
frequencies smaller and greater than fso are reported in Fig. S1 as 
a function of the degree of confinement and viscosity (μd). They il
lustrate that for the same field frequency, the particle rotates faster 
when Γ is smaller. Regardless of the value of Γ, the average angular 
speed drops sharply when the field frequency exceeds fso. Higher 
viscosities lead to a smaller fso and in all cases, increasing Γ results 
in an earlier onset for the phase slips, leading to even lower step- 
out frequencies. Importantly, this suggests that the helical fila
ment experiences a greater rotational drag when swimming in nar
row channels with higher degrees of confinement.

Impact of confinement on the particle dynamics
In the Stokesian regime, a helical filament is predicted to travel 
with some degree of conical wobble in addition to its translation 
if it geometrically has a noninteger number of helical turns (58). 
Swimmer H0 (see Table S1 for its properties) has 1.25 turns and 
therefore its trajectories in the y-z plane are expected to be ellip
tical in shape. It is seen in Fig. 2 that this holds true except for 
cases with Γ > 0.25. As Γ increases, the proximity of the swimmer 
to the boundary walls generates greater feedback (see also Fig. 3) 
thereby giving rise to a stronger boundary effect and the emer
gence of nonlinearities. This disrupts the expected y–z trajectory 
of the swimmer and amplifies drag, leading to an even greater 
feedback when the field frequency is increased under stronger 
confinement (e.g. Γ = 0.33 in Fig. 2C). The directionality remains 
independent of confinement, in agreement with the analytical re
sults obtained using BIF in Ref. (59) but only for Γ < 0.5, wherein 
the net forces in the y- and z-directions are nearly zero. In con
trast, for the case of Γ = 0.50 negative tangential force due to trac
tion force pushes the swimmer sideways in a direction opposite to 
its chirality during its forward motion. This is aligned with the 
conclusions of Ref. (36) in which Shum et al., using BEM, reported 
that the configuration in the center of the channel and parallel to 
the walls was a stable position for their model bacterium shape 
(i.e. a helix with an attached ellipsoid/cargo) when, in our nomen
clature, Γ = 0.25−0.33.

There are analytical (36) and experimental (28) reports on a tran
sition to one-dimensional-like swimming under strong confine
ment characterized by a situation where the range of changes in 
the y- and z-displacements of the swimmer are reduced significant
ly. Our results show that this occurs at a critical Γ, i.e. Γ = 0.33 in 
Fig. 2C, and only when f < fso. For Γ greater than this critical value, 
the swimmer enters a confinement-induced unstable equilibrium 
state wherein the feedback from the side walls shifts the direction 
of swimming, causing the swimmer to drift sideways in a direction 
opposite to its chirality during its forward motion (see Fig. 2D).

Ghosh et al. (59) studied changes in velocity in helical propul
sion. Based on their experiments, they reported that as opposed 
to bulk fluid, the velocity power spectra for propellers under con
finement were not perfectly flat and showed peaks at the multi
ples of the driving frequency. They proposed detailed numerical 
simulations to be performed to understand these effects.
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The Discrete Fourier Transform (DFT) is a technique used to 
analyze and transform a discrete signal from the time domain 
to the frequency domain. It decomposes a signal into its constitu
ent sinusoidal components of different frequencies. DFT analysis 
is performed by applying a DFT algorithm such as the Fast Fourier 
Transform (FFT) (60). The algorithm calculates the complex am
plitudes of the sinusoidal components at different frequencies 
present in the signal. These complex amplitudes represent the 
magnitude and phase information of each frequency component. 
In a DFT analysis, nonlinearities can introduce additional fre
quencies that are integer multiples of the fundamental frequency 
referred to as harmonics in the frequency spectrum.

Here, an FFT analysis of the velocity in the direction perpen
dicular to the z-walls reveals the presence of higher order har
monics (Fig. 4) in agreement with Ref. (59). Harmonics can arise 
from factors including both linear and nonlinear phenomena. In 
a linear system, harmonics can be present due to periodic nonsi
nusoidal signals or, equivalently, due to interference arising 
from the presence of multiple frequencies in the input signal. 
Nonetheless, in nonlinear systems, harmonics are expected to 
be more pronounced and exhibit characteristics such as distortion 
and amplitude modulation. In this context, it is worth noting that 
all simulations in this study employ a single frequency harmonic 

driving force using an external rotating magnetic field and, conse
quently, any higher order harmonics observed can be attributed 
to interference effects and system nonlinearities alone. For 
Γ ≤ 0.25 high order harmonics are present only if the driving fre
quency is equal to or greater than the step-out frequency. In con
trast, for Γ > 0.25, nonlinear harmonics are present even for the 
smallest driving frequency examined, i.e. 300 kHz, denoted by 
the arrows in Figs. 4C and D. This implies that at high degrees of 
confinement and/or driving frequencies, nonlinearities are more 
pronounced, leading to a deviation from the regime governed by 
Stokes’ law. The case of Γ = 0.33 in Fig. 4C displays the strongest 
amplitude modulation, that is, when a transition to 
one-dimensional-like swimming occurs (see Fig. 2C) and the 
swimmer remains in a stable equilibrium state only if f < fso. 
While Γ = 0.50 also reveals harmonics for 300 kHz, it displays a 
weak amplitude modulation. It is seen in Fig. 2D that this refers 
to an unstable equilibrium state for the swimmer that is induced 
by the confinement independent of the driving frequency f.

For driving frequencies sufficiently smaller than the step-out 
frequency (i.e. f ≤ 0.8fso), a helix’s angular speed is expected to 
stabilize to a constant value, that is, when the competing forces 
reach a balance in an unconfined system (or a sufficiently low de
gree of confinement). A variation of Γ at f = 300 kHz, see Fig. 5A, 

A B C

D E F

G H I

Fig. 1. Phase slips between the rotation of the magnetic field and the resulting rotation of the swimmer. Orange dashed, solid blue, and pink dotted lines 
denote, respectively, the sine of field’s angular speed, sine of swimmer’s angular speed, and phase difference between the two in radians (φ) at Γ = 0.2. The 
first, second, and third rows correspond to driving frequencies, respectively, below, at, and higher than fso. The left, middle, and right columns correspond 
to fluid viscosities (μd) of one-fourth, half, and equal to that of water, respectively. When the driving frequency is smaller than fso, the swimmer remains 
synchronized with the field (top row). At fso and beyond (middle and bottom rows), the magnetic torque is not strong enough to overcome the increased 
viscous drag torque to keep the rotation of the swimmer in harmony with the field; thus, episodes of phase slip emerge and the swimmer falls behind the 
magnetic field. This decreases the average angular speed of the swimmer significantly as reported in Fig. S1.
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shows that this holds qualitatively true for Γ < 0.5. At Γ = 0.5, how
ever, the feedback from the boundary walls is strong enough to 
introduce periodic and nonperiodic disturbances to the angular 
velocity of the helix. Figure 5B plots the swimmer’s propulsion 
speed corresponding to the cases in Fig. 5A. Despite exhibiting 
qualitatively similar angular speeds for the same driving fre
quency, there is an increase in U as Γ increases.

The Péclet number (Pe) is a dimensionless quantity that charac
terizes the relative importance of advective and diffusive proc
esses. It is defined as the ratio of the rate of advective to 
diffusive transport. The translational and rotational Pe are defined 
as PeT = vl/DT and PeR = Ωl2/DR, respectively. Here, l is the charac
teristic length scale associated with the object or the flow, v is the 
characteristic velocity of the fluid flow, and DT and DR are the 
translational and rotational diffusion coefficients, respectively. 
The Péclet number is thus indicative of whether advection or dif
fusion dominates in a given system. When Pe ≪ 1, Brownian 

diffusion is the dominant transport mechanism, and the system 
is said to be in the diffusion-controlled regime. On the other 
hand, when Pe ≫ 1, advection becomes the dominant transport 
mechanism, and the system is said to be in the advection- 
controlled regime. Using LBM simulations, Alcanzare et al. (48) 
demonstrated that guided propulsion of nanohelices in the pres
ence of thermal fluctuations required PeT > 50 and PeR > 1 in order 
to achieve an advection-controlled regime with directed motion 
and thereby effectively overcome Brownian motion. This is in 
agreement with the results of Ref. (59), wherein based on experi
mental observations, Ghosh et al. concluded that for a helical pro
peller smaller than a few micrometers in length to achieve 
unidirectional motion, the driving frequency has to increase as 
the inverse cube of the swimmer’s length.

When the frequency of the driving magnetic field is fixed at 300  
kHz, it enables an unbiased comparison of propulsion speeds 
across the different degrees of confinement. This frequency is 

A B

C D

Fig. 2. Swimmer trajectories in the plane perpendicular to the axis of travel. Swimmer H0’s trajectories (see Table S1 for its geometrical properties; the 
distance between the walls depends on Γ and Do via Lz = Do/Γ) in the y–z plane under different degrees of confinement Γ when driven by field frequencies 
below, at, and above the step-out frequency at a fluid viscosity equal to that of water. For Γ > 0.25, the feedback from the boundary walls is strong enough 
(see also Fig. 3) to effectively disrupt the swimmer’s y–z trajectory, resulting in a deviation from the trajectory anticipated by theory. For the case of 
Γ = 0.33 [i.e. (C)], when the particle is driven by field frequencies below the step-out frequency, however, the range of changes in the y- and z-displacements 
are reduced significantly and a transition to one-dimensional-like swimming emerges. Under a stronger confinement, e.g. Γ = 0.50, the feedback from the side 
walls shifts the swimming directionality, pushing the swimmer sideways in a direction opposite to its chirality during its forward motion.
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sufficiently below the step-out frequency of all systems, and yet 
high enough to satisfy the condition PeT > 50 and PeR > 1 required 
for reliably overcoming the effect of thermal fluctuations on the 
swimmer’s trajectories (48). It also leads to very small rotational 
Reynolds numbers Re ≈ 0.001 required for creeping flow. 
Figure 5C illustrates a consistent increase in the rotational drag 
coefficient (K‖) with an increase in the degree of confinement (Γ). 
The increase in K‖ here is observed to be greater for higher viscos
ities. Figure 5D reports an inverse correlation between the angular 
speed and Γ that is to be expected given the increased drag. 
However, the average propulsion speed of the swimmer is para
doxically greater in stronger confinement as evident in Fig. 5E. 
In the next section, an analysis of the fluid pressure as a function 
of the degree of confinement reveals that this occurs due to an in
crease in differential pressure when Γ increases.

The principal mechanisms of propulsion in 
confinement
Figure 6A–C summarizes the average differential pressure, Δq, 
acting on the swimmer in the y − z plane as a function of the radial 
distance from its centerline for different degrees of confinement. 
As Γ increases, Δq grows pushing the swimmer forward thus 

making a contribution to its overall propulsion speed. This mech
anism overcomes the decrease in coupled-propulsion (i.e. speed of 
translational motion caused purely by angular speed due to their 
linear coupling) caused by the increased rotational drag (see 
Fig. 5C and D), and results in an overall faster forward movement 
of the swimmer for higher values of Γ (see Fig. 5B and E). The mag
nitude of Δq close to the swimmer is at its maximum and vanishes 
exponentially with radial distance away from it. It goes asymptot
ically to zero at a distance of, approximately, 1.9 times the helix’s 
outer radius across all confinements.

The principal mechanisms that contribute to the swimmer’s 
overall propulsion can be classified into two categories: (i) pure 
swimming wherein the translational velocity arises solely from 
the angular velocity of the helical particle as a result of their linear 
coupling in the low Reynolds regime, and (ii) the thrust generated 
by the confinement from an increased Δq acting on the particle in 
the plane perpendicular to its easy axis. Figure 6D shows the con
tribution of these two mechanisms to the propulsion speed of the 
swimmer as a function of Γ that is quantified by employing the 
distance traveled per revolution by the swimmer in an unconfined 
system as a baseline. The contribution of pure swimming shows 
only a slight decrease when the degree of confinement is in
creased, whereas the contribution due to differential pressure ex
hibits a significant rise. For instance, there is about 20% increase 
in the propulsion speed in the case of Γ = 0.50. This effect becomes 
negligible for Γ < 0.25 and the coupled translational-angular mo
tion (i.e. pure swimming) is then the only mechanism generating 
forward motion.

Modeling the unconfined propulsion speed
Extensive endeavors, e.g. Refs. (2, 37–39, 41, 58, 62–70), have been 
dedicated to formulating analytical models aimed at elucidating 
and predicting the hydrodynamics of helical swimmers. Some ef
forts have resulted in formulations of closed-form equations for 
different system parameters. For instance, Raz and Avron (66), 
by means of the SBT, concluded that

U = ΩR
sin (2α)

3 + cos (2α)
. (1) 

This equation implies that the (bulk/unconfined) propulsion 
speed U acquired by the helix in a creeping flow is independent 
of viscosity (i.e. in agreement with Figs. 5E and 6D) and depends 
linearly on its angular speed Ω and helical radius R, and nonlinear
ly on the pitch angle α (i.e. the angle between the helix and its cen
terline). They also concluded that in contrast to a corkscrew 
moving through a solid medium, a helix requires a minimum of 
two complete rotations to advance by one lead in a fluid.

De Lima and Moraes (58) performed a mechanical analysis of 
bacterial swimming by treating the helical flagellum as a rigid ro
tating helix. They decomposed all the forces and velocities acting 
on the helix into their components normal and parallel to its cen
terline. By approximating the ratio between the normal and paral
lel drag coefficients as equal to 2 and multiplying all the 
contributions (i.e. density forces) by the arc length of the helix 
(due to acting uniformly on the entire helix), they arrived at an 
equation similar to Eq. 1. This approximation is common in 
many analytical works in the literature that originate from 
Ref. (30). For instance, there is another relation used, for example, 
in Ref. (71) by taking the same approximation. This relation 
yielded very similar results as Eq. 1 for all the helices of this 
work (listed in Table S1). Figure 7B shows that the propulsion 
speeds calculated using Eq. 1 are significantly lower than the 

A B

C D

E

Linear speed in -direction [m/s]

Fig. 3. Fluid streamlines created around the swimmer under different 
degrees of confinement. Fluid streamlines created around swimmer H0 
(see Table S1) for Γ at t = 15 μs, which is enough for the systems to reach 
steady state. In the absence of confinement (i.e. Γ = 0) fluid streamlines 
are created only at the downstream (left) and upstream (right) ends of the 
swimmer. Confinement leads to fluid streamlines at the ends and around 
the swimmer’s centerline. As Γ increases, the proximity of the swimmer 
to the boundary walls generates greater feedback, giving rise to a stronger 
boundary effect, e.g. at Γ = 0.50. The tiles are cropped along the x-axis for 
clarity; their aspect ratios do not represent the true aspect ratios of the 
simulation box. Visualized using ParaView (61).
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speeds observed in the simulations. Since these particles exploit 
drag anisotropy for swimming, the observed differences must be 
due to the way that these equations account for this factor. 
Here, by adopting a similar modeling framework as De Lima and 
Moraes (58), but instead of taking the ratio between the normal 
and parallel drag coefficients equal to 2, due to the helix possess
ing cylinder-like uniaxial easy-axis anisotropy, we take the ratio 
as equal to the ratio of the corresponding projected surface areas 
of a cylinder with the same aspect ratio and diameter as the helix. 
Thus, we arrive at a new equation to calculate the propulsion 
speed of the swimmer,

U = ΩR0
(A−1 − 1) sin (2α)

A−1( cos (2α) − 1) − cos (2α) − 1
(2) 

Here, A = 2nP/πRo wherein n and P are, respectively, the number of 
helical turns and pitch length. A consequence of Eq. 2 is that given 
Ω and Ro, the pitch angle which maximizes propulsion speed de

pends on A and is given by α = arctan(
���
A
√

), which favors a more 
upright pitch angle when the number of turns increases.

Using Eq. 2 to calculate the ratio of the swimming speed of a 
helix to its linear speed when penetrating a solid, gives 
(1 − A−1)/(2π( cot2 (α) + A−1)). This implies that in the Stokesian 
regime, for example, swimmer H0 needs at least 12.5 rotations 
to advance the distance of one pitch in fluid and that this is 
independent of viscosity. This aligns well with the results of 
previous computational studies of bacterial swimming using 
BEM indicating that more than 10 rotations of the flagellum are 
needed to propel the organism forward a distance of one helical 
wavelength (34).

The predictions of both Eqs. 1 and 2 are reported in Fig. 7B for 
swimmer H0 and Fig. S2 for swimmers H1–H8 (Table S1 lists the 
swimmers’ characteristics). These results show that the propul
sion speeds calculated by our new equation, i.e. Eq. 2, are signifi
cantly closer to the simulation results for the unconfined systems 
(Γ = 0) when compared against the results of Eq. 1. Equation 2
yields outcomes which are the closest to the simulation results 
for particle H0 followed by H1. This has to do with the particles’ 
Rm/RM (where Rm < RM ), which is 0.5 for H0, 0.2 for H1, and less 
than 0.2 for the rest. In the derivation of Eq. 2, in order to deter
mine the ratio between the normal and parallel drag coefficients, 
we approximated the helix by a cylinder and, therefore, particles 
with a greater value of Rm/RM fit that assumption better. It is im
portant to note, however, that the applicability of both Eqs. 1 and 2
is restricted to unconfined swimmers.

Predicting the confined propulsion speed
Analysis of the pairwise relationships among Ω, U, and f (i.e. 
the simulation data points in Fig. 7) for f ≤ 0.8fso reveals their 
direct linear correlations in agreement with Eq. 2 as well as 
experiments, e.g. Ref. (40), that are consistent across all values 
of Γ. However, as the level of confinement increases, U exhibits 
a sharper growth as a function of both Ω and f (see Fig. 7B 
and C). An exponential regression of the gradients of linear 
interpolation lines connecting the simulation data points in 
Fig. 7B as a function of Γ shows that the confined propulsion 
speed of the swimmer (Uc) can be written as a function of the 
propulsion speed in the absence of confinement (U∞) and the 

A B

C D

Fig. 4. Discrete Fourier transform of linear velocity in the direction perpendicular to the boundary walls. Fast Fourier transform (FFT) analyses of the 
translational velocity for the swimmer H0 (see Table S1) in the direction perpendicular to the confinement walls are reported for different values of Γ. For 
each degree of confinement, the particle is driven at field frequencies below, at, and above the step-out frequency as illustrated by the different line 
styles. For Γ > 0.25, the spectra reveal harmonics for all driving frequencies examined including 300 kHz, which is the base driving frequency in this work 
and significantly below fso. The spectra do not show harmonics for the base frequency when Γ ≤ 0.25.
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ratio between the characteristic hydrodynamic length scales of 
the system as

Uc = U∞eΓb
= U∞e 2

RM+Rm
Lz

( 􏼁b

(3) 

with b = 2.5. This relation recovers the presence of nonlinearity 
when confinement is involved regardless of the driving frequency 
(see the dotted line in Fig. 5E). Figure 7B illustrates the confined pro
pulsion speed of the swimmer calculated by Eq. 3 for Γ as a function 
of Ω that are in excellent agreement with the simulation results. 
Figure 7 reports results for particle H0 (see Table S1). To evaluate 
the generality of Eq. 3, swimmers H1–H8 (see Table S1) were created 

by varying different parameters, i.e. major and minor radii, pitch an
gle and density, and were examined using two different degrees of 
confinement, i.e. Γ = 0.29, 0.40. The dashed and dotted lines in 
Fig. S2 present the predictions of Eq. 3 for these helices showing ex
cellent agreement with the simulations. Using the simulation data of 
all swimmers (i.e. H0–H8) for fitting to estimate b, gives b = 2.5 with a 
standard deviation and standard error of 0.1 and 0.04, respectively. It 
is evident in Fig. 7B and Fig. S2 that Eq. 3 with b = 2.5 fits every simu
lated scenario very well.

In Poiseuille flows, the pressure decreases along the x-direction 
to balance the viscous force (72). For the case of a channel with a 

A B

C

E

D

Fig. 5. Swimmers’ speeds and rotational drag coefficients. A) angular speed, B) propulsion speed, C) rotational drag coefficient, D) average angular speed, 
and E) average propulsion speed of swimmer H0 (Table S1) for different degrees of confinement driven at 300 kHz. In narrow channels with higher Γ , the 
swimmer faces a greater rotational drag, decreasing its angular speed, but at the same time, it exhibits a faster propulsion speed on average.
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rectangular cross-section and the y-dimension being much larger 
than the z-direction (i.e. the conditions considered in this work), 
relative differential pressure scales (ideally) by Γ2 for the 

nondriven system. However, in a driven system, the fluid continu
ously receives additional energy per unit volume from the kine
matics of the particle. It is thus plausible that the exponential in 
Eq. 3 accounts for this effect.

The robustness of Eq. 3 in effectively predicting propulsion 
speed for the impact of confinement offers significant advantages. 
The results consistently demonstrate its reliable performance 
across various scenarios and configurations. By accurately model
ing the interaction between propulsion and confinement, this 
heuristic tool can be foreseen to be instrumental in developing ap
plications such as targeted drug delivery in tissues, veins, and 
lab-on-a-chip nano/microfluidic devices.

For instance, replacing the computationally estimated U∞ in 
Eq. 3 with the improved analytical expression for the speed of 
an unconfined helix, i.e. Eq. 2, yields

U = ΩR0
(A−1 − 1) sin (2α)

A−1( cos (2α) − 1) − cos (2α) − 1
e 2

RM+Rm
Lz

( 􏼁2.5

, (4) 

which makes it possible to estimate (see Fig. S3) the host 
environment-specific swimming speed of a helix by considering 
the degree of confinement without requiring any computational 
or experimental tests. This expression can be easily employed 
for engineering systems involving the application of these 
swimmers in constricted fluidic environments such as 
lab-on-a-chip devices.

Discussion
Life at low Reynolds numbers commonly refers to Stokesian dy
namics based on a linearized version of the Navier–Stokes equa
tions that neglects advective inertial forces, assuming that the 
system does not retain any memory of its past (1–3). Simulation 
methods such as RFT, SBT, and BIF based on these assumptions 
have enjoyed a measure of success in modeling the swimming dy
namics of biological or bioinspired microswimmers in a regime 
wherein the driving frequencies are invariably less than 1 kHz, 
e.g. Refs. (29, 35, 36, 39, 57, 59, 71, 73–78). However, controlled 
steering, propulsion and separation of magnetic helical nano
swimmers require operation in a frequency regime that is almost 
2–5 orders of magnitude greater, from a few hundreds of kHz to 
MHz (47, 48, 59). In this regime, our results obtained using 
LBM-based full-scale nonlinear hydrodynamic simulations of 
magnetic helical nanoswimmers show that the aforementioned 
defining assumptions of Stokesian dynamics do not always hold, 
especially under confinement wherein our results show nonlinear 
behavior.

Briefly, we have investigated the dynamics of nanoscale mag
netic helical filaments driven by an external rotating magnetic 
field in a fluid under confinement using LBM to study the under
lying physical mechanisms of their propulsion. The motion of hel
ical filaments exhibited local nonlinear dynamics even for driving 
frequencies well below the step-out frequency fso of the system. 
Furthermore, independent of the degree of confinement, domin
ant nonlinear behavior was observed for frequencies close to 
and above the step-out frequency wherein the propulsion speed 
could no longer be described as a linear function of the angular 
speed. Steady and linear dynamics were recovered over longer 
time scales on average for f < fso consistent with the assumptions 
and predictions of the Stokes equations. This also explained the 
basis of the partial limited success enjoyed so far by the simu
lation methods such as RFT, SBT and BEM that assume 
Stokesian dynamics in explaining often contrasting experimen
tal and computational results (21, 29). However, nonlinearities 

A

B

C

D

Fig. 6. Differential pressure and total propulsion for f = 300 kHz. A)–C) 
Average net dynamic pressure, Δq , acting on the swimmer H0 in the y-z 
plane as a function of the radial distance normalized by the helix’s outer 
radius (i.e. Ro = RM + Rm , where RM and Rm are, respectively, the helix’s 
major and minor radii, Table S1) from its centerline for different degrees 
of confinement and fluid viscosities of one-fourth, half, and equal to that 
of water. As the degree of confinement is increased, the resulting net 
pressure amplifies on average, leading to a more substantial contribution 
to forward thrust. D) The overall propulsion speed of H0 is decomposed 
into contributions from the two principal mechanisms causing forward 
motion (i.e. pure swimming and the push created by the confinement) as a 
function of Γ for fluid viscosities of one-fourth, half, and equal to that of 
water. As Γ is increased, the share of Δq grows resulting in a net faster 
propulsion of the swimmer. The viscosity-independence of swimming 
speed in the Stokesian regime is evident here.
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are present in the dynamical behavior of nanohelices inde
pendent of the driving frequency f at higher degrees of confine
ment, and they are accompanied by an emergence of a 
transition to one-dimensional swimming at a critical degree 
of confinement (Γ = 0.33).

Here, we have proposed an improved equation, i.e. Eq. 2, to 
model the coupling between the translational and angular speeds 
of an unconfined helix. The swimming speeds calculated using 
this closed-form relation yielded significantly closer results to 
simulation when compared against the propulsion speeds ob
tained from similar previous relations (58, 66, 71). We then pro
posed a new empirical relation, i.e. Eq. 3, to model the nonlinear 
dependence of the propulsion speed of a helical filament in con
finement. The empirical relation in Eq. 3, with an exponential 
term is based purely on the geometric degree of confinement. It 
accurately predicted the nonlinear propulsion speed for an exten
sive set of geometric variations in the shapes of the nano
swimmers, regardless of the driving frequency of the rotating 
external magnetic field. As such, the proposed empirical relation 
provides an important practical tool for the design of systems 
seeking to exploit the use of driven helical swimmers in con
stricted fluidic environments. Additionally, replacing the compu
tationally estimated U∞ in Eq. 3 with the analytical expression for 
the speed of an unconfined helix, i.e. Eq. 2, results in a purely ana
lytical expression, i.e. Eq. 4, for the propulsion speed of a helical 
nanoswimmer. This analytical expression yields a significantly 
improved estimate for the effect of confinement that can be easily 
employed for engineering designs of optimal systems to enhance 
performance and driving advancements in the field of small-scale 
swimmers without resorting to any expensive computations or 
experiments.

An increase in the rotational drag was observed with an in
crease in the degree of confinement Γ. Paradoxically, however, 

the swimmers achieved (exponentially) faster propulsion in 
tighter confinements because of the differential pressure created 
by the boundary walls. The contribution from the differential 
pressure to the swimmer’s overall propulsion speed increased 
with Γ. However, this effect due to confinement diminished as 
the channel width was increased and nearly vanished when the 
channel width exceeded four times the hydrodynamic diameter 
of the particle. Thus, we have identified a clear lower bound on 
the degree of confinement below which the propulsion of nanohe
lices is primarily characterized by pure swimming and the hydro
dynamic feedback from the bounding walls can be neglected. In 
this regime of pure swimming, the propulsive motion of a helical 
nanoswimmer results solely from the coupling between the trans
lational and rotational velocities of the corkscrew-like particle in a 
Stokes flow. Finally, we would like to note that the geometry of the 
confinement can have a significant effect on helix dynamics. For 
the case of motion between two planes considered here, the feed
back effect of the hydrodynamic interactions (HIs) with the walls 
leads to an increase in the differential pressure acting on a helix 
with an increase in the confinement, thereby resulting in an in
crease in its propulsion speed. In a fully confined cylindrical chan
nel, the speed of propulsion in the Stokes regime at a fixed rate of 
rotation for a helix is observed to increase monotonically with an 
increase in confinement, except for a small range of tube radii at 
the tightest of confinements (27). In addition, in fully confined 
channels such as a cylindrical one, the HIs become strongly (expo
nentially) screened (79). How this affects the helix motion is an in
teresting topic for future work.

Materials and methods
Small-scale swimmers are broadly classified as catalytically (80–82) 
or electromagnetically (78, 83–86) driven depending on the source of 

A B C

Fig. 7. Pairwise relationships among angular speed, propulsion speed, and driving frequency. Ω, f, and U display strong linear pairwise correlations for 
f ≤ fso. The data points represent simulation results for different values of Γ for H0. The line plots in A), B), and C) are, respectively, the corresponding fso 

for each Γ, predictions of the equations, and interpolation. b) illustrates that Eq. 3 with b = 2.5 accurately captures the effect of increasing confinement on 
the propulsion of the swimmer. Also, the propulsion speeds in the absence of confinement calculated by Eq. 2 are significantly closer to the simulation 
results for Γ = 0 than those of Eq. 1.
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their motive force. The catalytically driven swimmers exploit 
chemical gradients for propulsion and require a fuel such as 
hydrogen peroxide, acidic or alkaline solution. However, electro
magnetically driven swimmers are better candidates for in vivo 
applications as they are not sensitive to chemical gradients and 
do not require a fuel. In addition, most biological tissues are typ
ically regarded as diamagnetic. For instance, human tissue is 
weakly diamagnetic with a small volume (static) magnetic sus
ceptibility of the order of 10−6 (SI units), which allows the magnet
ic field to penetrate into it (87, 88). However, the magnetic 
susceptibility of a tissue can vary depending on the frequency 
range of the applied magnetic field (89). At frequencies in the 
kHz range, magnetic susceptibility is generally considered to be 
independent of frequency (90–92). This is often referred to as the 
static (or low-frequency) magnetic susceptibility. In this regime, 
the magnetic properties of tissues are primarily determined by 
the presence of naturally occurring paramagnetic and diamagnet
ic substances, such as oxygen, iron, and water (93). At higher fre
quencies, especially in the radio frequency (RF) and microwave 
ranges (MHz to GHz), additional factors such as electrical proper
ties of the tissue and the relaxation processes of water molecules 
and ions come into play. As a result, tissues exhibit a combination 
of diamagnetic and paramagnetic properties that can be influ
enced by frequency (90–92). For example, in magnetic resonance 
imaging (MRI), the frequency dependence of the magnetic suscep
tibility is exploited to generate contrast and obtain detailed im
ages of different tissues in the body. By applying specific RF 
pulses at different frequencies and measuring the resulting signal 
response, MRI can differentiate between different types of tissues 
and provide detailed structural and functional information (87).

Additionally, the relative electric permittivity of a typical bio
logical tissue also depends (strongly) on the frequency and can 
be orders of magnitude larger than that of water at frequencies 
in the kHz range (i.e. β-dispersion), eventually leveling to the order 
of 102 beyond the 10 MHz range (90, 94, 95). In this work, the field 
frequency for effective electromagnetic propulsion of the under- 
study particles (see Table S1) in water is 300 kHz. At this fre
quency, the magnetic susceptibility remains in the static regime 
and the high dielectric permittivity of the human tissue effectively 
screens out the external electric field. As such, the field frequency 
considered in this study is suitable for electromagnetic steering of 
helical nanoparticles in living tissue.

LBM (52) was employed in the single relaxation time Bhatnagar- 
Gross-Krook approximation (96) to simulate fluid flow using a con
servative coupling (97) to the helical nanoparticles. LBM solves the 
discrete Boltzmann transport equation on a structured lattice to 
emulate incompressible fluid. The Knudsen (Kn) and Mach (Ma) 
numbers are two important dimensionless parameters in LBM. 
Kn describes the ratio of the molecular mean free path (i.e. the 
average distance a molecule travels between collisions with other 
molecules) to the characteristic length scale. It is employed to as
sess the appropriateness of using a continuum or rarefied gas 
model to simulate fluid flow as it provides a measure for the sig
nificance of rarefied gas effects that occur when the mean free 
path becomes comparable to or larger than the characteristic 
length scale of the flow system. For Kn ≪ 1, the gas behaves like 
a continuum, and continuum fluid dynamics equations, such as 
Navier–Stokes, can be applied. For flow simulations in the 
continuum regime the LB equation is solved using a lattice with 
a sufficiently small lattice spacing. This approach relies on the as
sumption that molecular collisions dominate, and the fluid can be 
described using macroscopic fluid variables such as density and 
velocity.

Ma is the ratio of the flow velocity of a fluid to the speed of 
sound in the fluid. It is used to determine whether the flow is com
pressible or incompressible. In LBM, the incompressible flow re
gime is commonly approximated by setting a limit on Ma. For 
most practical purposes, Ma < 0.3 is considered a good approxima
tion for an incompressible flow (98). This implies that the flow vel
ocity is significantly lower than the speed of sound, resulting in 
minimal density variations within the fluid. As a result, the dens
ity can be assumed constant and LBM recovers solutions of the 
Navier–Stokes equations in the limit of low Kn and Ma (45).

Another important dimensionless parameter is the Reynolds 
number (Re), which characterizes the flow regime of a fluid, par
ticularly in relation to the relative importance of inertial to vis
cous forces. The translational and rotational Re are calculated 
using ReT = ρvl/μd and ReR = ρΩl2/μd, respectively. ρ is the density 
of the fluid. Re indicates the type of flow regime, e.g. laminar, tran
sitional, or turbulent. When Re ≪ 1, the flow is smooth and orderly 
wherein viscous forces dominate.

This work employs a hybrid Lattice Boltzmann-Molecular 
Dynamics (LB-MD) scheme (47, 52, 97, 99) that incorporates all vis
cous and inertial effects, to investigate the effects of the degree of 
confinement on the propulsion of rigid helical nanofilaments 
(Fig. 8A) propelled by a rotating magnetic field. In the systems 
studied, Ma ranges from 5 × 10−6 to 2 × 10−5 (vs = 1��

3
√ Δx

Δt, where vs 

is the speed of sound in the system and Δx/Δt is the lattice velocity 
(52)). A field frequency of 300 kHz is chosen for a comparison of 
propulsion across different values of Γ. This ensures that, in all 
cases, the frequency stays well below the step-out frequency 
and that the fluid regimes remain largely dominated by viscous 
forces. This leads to ReR ≈ 0.001 with slight differences accruing 
from the different degrees of confinement. Figure 8B shows ReR 

as a function of field frequency for different Γ and μd.
All simulations were performed in LAMMPS (100) using the 

D3Q15 LB model described in Refs. (52, 97, 99) to accurately ac
count for the interparticle hydrodynamic interactions and the 
particle-fluid interfacial coupling using a no-slip boundary condi
tion (101). The notation D3Q15 indicates a 3D lattice with 15 vel
ocities. In order to couple a moving object to the LB fluid, a 
discretized representation of the object on the fluid lattice is re
quired. This is accomplished by dividing the surface of the object 
into a set of nodes, and then distributing the coupling forces from 
these nodes to the nearby lattice sites. This was done using the 
Peskin stencil (99), which is based on the immersed boundary 
method (102, 103). It uses a smoothing kernel (i.e. a 4-point ap
proximation to the Dirac delta function) to spread the influence 
of a point particle over a limited region (i.e. compact support of 
64 grid points). This coupling consistently introduces forces on 
both the nodes and the fluid resulting from an energy and mo
mentum conserving interaction.

The helical nanoswimmers (listed in Table S1) were modeled as 
rigid shells with uniformly distributed surface (pseudo-)atoms 
that interact with the LB fluid lattice sites. Except for H8 (see 
Table S1), the surface atom masses were selected to ensure 
equivalence of the total mass of the swimmers and the mass of 
the displaced fluid such that they are neutrally buoyant. 
Additionally, the number of surface atoms for the swimmer also 
constrains the surface area per atom for the shell to be smaller 
than the square of the lattice spacing Δx2 = 16 nm2 to avoid spuri
ous errors from an insufficiently discretized mesh (104). Periodic 
boundary conditions were employed in the x- and y-directions, 
whereas the LB bounce-back boundary along with purely repul
sive top and bottom Lennard–Jones (LJ) potential walls were speci
fied in the x-y plane to obtain a no-slip boundary condition for the 
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fluid flow and to emulate two-dimensional (2D) confinement of the 
swimmer, respectively. The simulation box dimensions in the 
x- and y-directions were taken to be 8 times the axial length (La) 
and outer diameter (Do) of the swimmer, respectively; tests using 
dimensions 4 times larger showed no change in the results. Do is re
lated to the major and minor radii via Do = 2 × (RM + Rm), see 
Table S1. To simulate different degrees of confinement (Γ), the dis
tance between the z-walls (Lz) was varied as a multiple of Do. In the 
case of an unconfined swimmer, the size of the simulation box in 
the z-direction was set to 10Do. Fluid viscosities of one-fourth, 
half, and equal to that of water at room temperature corresponding 
to simulation time steps (Δt) of 21.30, 10.65, and 5.32 ps, respective
ly, were considered to quantify and understand the effect of mo
mentum diffusion in the fluid and its impact on the propulsion 
velocity of the externally driven propeller under confinement.

To calculate the nondimensionalized LB relaxation time τ∗ for a 
given fluid with dynamic viscosity μd and density ρ, we started by 
picking an appropriate Δx, which was taken to be the same for all 
simulations with different viscosities. Δt and τ∗ were then com
puted using Δt = ρΔx2

3μd
, and τ∗ = 3μd

ρ
Δt

Δx2 + 1
2. Therefore, we took Δt to 

be the dependent variable since fixing Δx allowed us to place the 
z-walls at the exact same separation for all simulations with a 
consistent implementation of the mid-plane bounce-back of the 
fluid density distributions for the no-slip boundary condition on 
the walls, regardless of the viscosity. Furthermore, by keeping 
Δx fixed, we ensured that the area per surface node of the solid/ 
impermeable magnetic helices is less than Δx2 without having 
to change the density of the surface nodes as we varied the viscos
ity of the fluid for different simulation runs. This consistency was 
important for a proper comparison of the results from different 
simulations wherein we were varying the fluid viscosity.

In the case of a rotating rigid body in a fluid, the drag force ex
erted by the fluid on it can be resolved into translational and rota
tional components. Then, the linearity of the Stokes equations at 
very low Reynolds numbers allows representation of these forces 
in terms of resistance matrices acting on the linear velocity and 
angular velocity of the rigid motion (73),

F
T

􏼔 􏼕

= E B
B C

􏼔 􏼕
U
Ω

􏼔 􏼕

. (5) 

Here, F and T are the applied force and torque required to pull the 
helix with linear velocity U and angular velocity Ω. The terms E, B, 

and C are 3 × 3 resistance matrices that only depend (nonlinearly) 
on the geometry of the swimmer. Unlike bodies with spherical 
symmetry that have zero off-diagonal entries in their resistance 
matrix, Eq. 5 implies that for corkscrew-shaped swimmers the 
translational and rotational motions are coupled due to the spon
taneous viscous drag symmetry breaking by the helical particle 
(54). In other words, rotational velocity causes translational vel
ocity and vice versa (3, 73). This entertains the idea of using a con
tinuously rotating magnetic field to propel the chiral particle 
around its long axis in fluid to gain linear velocity, and therefore, 
controlled locomotion.

It is important to note that chirality is not essential for propul
sion. Symmetries (e.g. chirality) of a driven object cannot be deter
mined solely by its geometry and symmetry properties of the 
magnetic dipolar moment affixed to it must be considered (105). 
For instance, if instead of a chiral structure with a permanent di
pole, a polarizable achiral planar object with an induced electric 
dipole is considered, it can gain unidirectional motion by electro
rotation quite efficiently owing to a spontaneous symmetry break
ing, whereas the structure remains yet achiral (106, 107).

Assuming a steady-state and uniform rotating magnetic field, 
the external magnetic force F in Eq. 5 vanishes and the magnetic 
interaction can be modeled by considering only a magnetic torque 
T generated by the interaction of the swimmer’s permanent mag
netic dipole moment M with the external magnetic field with a 
magnetic flux intensity of B (see Fig. 8A) (57). The magnetic torque 
is calculated using T = M × B, where B = sin (ft)ŷ + cos (ft)ẑ, where 
f is the field frequency, and t is the simulation time step (47). 
Hence, the swimmer experiences maximal T when its long axis 
is perpendicular to the imaginary plane in which the magnetic 
field vector rotates. The experimental value of the magnetic di
pole moment of the particle is estimated to be 2 × 10−17 Am2 

(108). For MB = 1.5 × 10−18 Nm in the simulations (48), the magnet
ic field strengths required for experiments are about 75 mT.
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